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ABSTRACT

Nucleosome assembly in vivo requires assembly fac-
tors, such as histone chaperones, to bind to histones
and mediate their deposition onto DNA. In yeast,
the essential histone chaperone FACT (FAcilitates
Chromatin Transcription) functions in nucleosome
assembly and H2A-H2B deposition during transcrip-
tion elongation and DNA replication. Recent studies
have identified candidate histone residues that me-
diate FACT binding to histones, but it is not known
which histone residues are important for FACT to de-
posit histones onto DNA during nucleosome assem-
bly. In this study, we report that the histone H2B re-
pression (HBR) domain within the H2B N-terminal tail
is important for histone deposition by FACT. Deletion
of the HBR domain causes significant defects in his-
tone occupancy in the yeast genome, particularly at
HBR-repressed genes, and a pronounced increase
in H2A-H2B dimers that remain bound to FACT in
vivo. Moreover, the HBR domain is required for pu-
rified FACT to efficiently assemble recombinant nu-
cleosomes in vitro. We propose that the interaction
between the highly basic HBR domain and DNA plays
an important role in stabilizing the nascent nucleo-
some during the process of histone H2A-H2B depo-
sition by FACT.

INTRODUCTION

The fundamental subunit of chromatin is the nucleosome
core particle (NCP), in which two copies each of histones
H2A, H2B, H3 and H4 are assembled onto 147 bp of DNA.
While purified histones and DNA can be efficiently as-
sembled into nucleosomes in vitro by salt dialysis, nucleo-
some assembly at physiological salt concentrations is stim-
ulated by the activity of histone chaperone proteins (1,2).
Histone chaperones sequester free histones to prevent non-

specific histone-DNA interactions that can impede nucleo-
some formation (e.g. (3-5)). Histone chaperones also pro-
tect histones from degradation (6) and facilitate their trans-
port to the nucleus (7). During de novo nucleosome assem-
bly, chaperone-bound histones are deposited onto genomic
DNA in a stepwise pathway: the (H3-H4), tetramer is de-
posited first, then two H2A-H2B heterodimers are assem-
bled (2). In addition to delivering histones for assembly, his-
tone chaperones may directly stimulate nucleosome forma-
tion by binding to and stabilizing nucleosome assembly in-
termediates.

The histone chaperone FACT (FAcilitates Chromatin
Transcription) is an essential regulator of both nucleosome
assembly and disassembly during transcription elongation
and DNA replication (8,9). FACT is a heterodimer of the
proteins Spt16 and Pob3 in yeast or Spt16 and SSRP1 in
humans (9,10). Both Spt16 and Pob3/SSRP1 subunits are
highly conserved among eukaryotes and essential for cell vi-
ability. Purified FACT can both assemble and disassemble
nucleosomes in vitro (11,12), and has been shown to induce
an alternative nucleosome structure in which the nucleoso-
mal DNA is significantly more accessible (13). While FACT
can bind to both H2A-H2B and H3-H4 in vitro, it shows
a clear preference for H2A-H2B (10,14). Recent structural
and biochemical studies have provided conflicting evidence
about which residues in the H2A-H2B dimer are important
for FACT binding (14-17). FACT must also relinquish its
bound histone H2A-H2B to assemble nucleosomes. How-
ever, it is not known which histone residues are required for
FACT to deposit H2A-H2B during nucleosome assembly.

Previously, we identified a highly basic domain in histone
H2B that has important roles in gene expression and DNA
repair (18,19). This domain, which is comprised of residues
30-37 in yeast H2B, was named the histone H2B repression
(HBR) domain because it functions to repress the expres-
sion of nearly 10% of the yeast genome (18,20). The HBR
domain is the most conserved region of the H2B N-terminal
tail, and is located at a critical juncture between the two
DNA gyres of the NCP, where lysine and arginine residues
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in the HBR domain make numerous contacts with the DNA
backbone (20,21). However, histone H2B lacking the HBR
domain can be readily assembled into nucleosomes using
the artificial 601 nucleosome positioning sequence (22), sug-
gesting that the HBRA mutant does not dramatically per-
turb nucleosome structure. Hence, it is not known how the
HBR domain represses the transcription of a large subset
of the yeast genome.

Deletion of the HBR domain causes a number of mu-
tant phenotypes in yeast (e.g. hydroxyurea sensitivity, cryp-
tic transcription) that are shared by certain FACT mutants
(22). Moreover, a recent study showed that the HBR do-
main is important for transcription-associated nucleosome
disassembly at the yeast GALI promoter and coding re-
gion, and is required for FACT to efficiently evict H2A—
H2B dimers from nucleosomes in vitro (22). Since the HBR
deletion had only a marginal effect on the binding affinity
of FACT to the H2A-H2B dimer in vitro (22), it is unclear
how the HBR domain affects FACT activity. Furthermore,
it is not known if the HBR domain is required for FACT to
assemble nucleosomes, nor if this is a possible mechanism
by which HBR represses transcription.

To gain mechanistic insights into the role of the HBR do-
main in transcriptional repression, we investigated the im-
pact of HBR on nucleosome assembly. ChIP-chip analy-
sis revealed that the HBRA mutant caused significant de-
creases in histone H2B occupancy at HBR-repressed genes
and a concomitant increase in H2A-H2B dimers that re-
main bound to FACT in vivo, both of which are consis-
tent with a defect in FACT nucleosome assembly. Further-
more, we discovered that assembly of nucleosomes by FACT
on the physiologically relevant 5S rDNA sequence is de-
pendent upon an intact HBR domain. These data suggest
that the HBR domain is required for efficient deposition of
H2A-H2B dimers onto DNA, which can explain its impor-
tance in establishing repressive chromatin in vivo.

MATERIALS AND METHODS
Yeast strains and plasmids

Wild-type, HBR deletion (htb1-A30-37), and HBR sub-
stitution mutants were constructed by site-directed muta-
genesis of plasmids pMP002 (18) and pJWS500 (23) using
the QuikChange II kit (Agilent) or a modified version of
this protocol. Mutations were verified by DNA sequencing.
HBR A mutant plasmids were introduced into yeast strains
by plasmid shuffling (24). Spt16-9xmyc and Napl-9xmyc
tagged strains were constructed by PCR amplification of
the 9xmyc-TRPI tagging construct from plasmid RY7445
and transformation into yeast strain WY499. Yeast strains
and plasmids used in this study are listed in Supplementary
Table S1. Primer sequences are available upon request.

ChIP

Sample preparation for ChIP-chip and ChIP-PCR experi-
ments was performed essentially the same as previously de-
scribed (25-27), with minor modifications. Briefly, 60 ml
of cells were grown in YPD medium to mid-log phase and
cross-linked with 1% formaldehyde at room temperature for
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15-20 min. Cells were pelleted, washed, snap-frozen in lig-
uid nitrogen and stored at —80°C. To prepare whole cell ex-
tracts (WCESs), cell pellets were lysed using glass beads for
2 h at 4°C using a multi-tube vortexer. WCE samples were
sonicated to produce DNA fragments an average of 400 bp
in size. Chromatin was immunoprecipitated using histone
H2B polyclonal antibody (Active Motif, #39237) or histone
H3 polyclonal antibody (Abcam, #ab46765) bound to mag-
netic beads (Dynabeads M-280 Sheep anti-Rabbit IgG, In-
vitrogen). Following washes and DNA elution, the samples
were incubated overnight at 65°C to reverse the formalde-
hyde crosslinks. The DNA samples were treated with R Nase
A (Qiagen) followed by Proteinase K (Invitrogen), purified
via phenol chloroform extraction and ethanol precipitation.
For semi-quantitative PCR, the immunoprecipitated (IP)
and WCE control DNA samples were PCR amplified with
region-specific primers and control primers that amplified a
region of the ACT1 locus. PCR products were analyzed by
agarose gel electrophoresis and quantified using a GelDoc
imager (BioRad) and Quantity One software, as previously
described (27). While seven regions were initially analyzed,
one locus (SGA1) was excluded because it showed very faint
ChIP-PCR signal.

Chromatin immunoprecipitation quantitative PCR
(ChIP-qPCR) were performed similarly, except formalde-
hyde crosslinking was quenched with 0.125 M glycine, and
chromatin was sonicated using the Bioruptor (Diagenode)
to generate DNA fragments averaging ~500 bp. WCEs
were immunoprecipitated with an anti-FLAG antibody
(Sigma) bound to magnetic beads. The purified IP and
WCE samples were analyzed using the ABI 7500 Fast
Real-Time PCR system and EvaGreen (Biotium) qPCR
mastermix. Region-specific primer sequences are avail-
able upon request. Data are presented as percent IP as
compared to input, representing at least three replicates.

Sample preparation for Tiling array analysis

Following histone H2B ChIP, 200 ng of IP or WCE
DNA was end repaired using T4 DNA Polymerase (New
England Biolabs), and purified by phenol chloroform ex-
traction and ethanol precipitation. Pre-annealed double-
stranded linkers OJW102 and OJW103 were ligated to the
DNA samples using T4 DNA Ligase (New England Bio-
labs), and the ligated DNA was purified and concentrated
by ethanol precipitation. The samples were amplified by
ligation-mediated PCR (LM-PCR) using primer OJW102,
a dNTP mix containing dUTP, and AmpliTaq Polymerase
(Applied Biosystems). LM-PCR products were purified and
concentrated by ethanol precipitation. For each sample, 12
ng of LM-PCR product was fragmented and labeled using
the GeneChip WT Double-Stranded DNA Terminal Label-
ing Kit (Affymetrix) following the manufacturer’s instruc-
tions. Two IP replicate samples (per strain) and one WCE
(i.e. input) sample were hybridized to Affymetrix Saccha-
romyces cerevisiae Tiling 1.0R arrays and scanned.

Tiling array data normalization and analysis

Tiling array data from duplicate biological samples of wild
type and HBR deletion were analyzed using the Affymetrix
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Tiling Analysis Software (TAS, version 1.1). Probe intensity
data for each sample was quantile normalized within (but
not between) groups using the TAS software with default
settings, except for the following changes: (i) the target in-
tensities were scaled to 500, and (ii) the bandwidth was set
at 60. Normalized ChIP-chip data was visualized using the
Integrative Genomics Viewer (IGV; (28)). One of the HBR
deletion replicates had a decreased/compressed signal dis-
tribution relative to the other samples (data not shown),
so this replicate was quantile normalized ‘between groups’
with the matched input sample using the TAS software.

Analysis of ‘gene average’ histone occupancy was per-
formed by dividing the coding region of each gene into six
equal-sized bins. Two additional bins were included for the
promoter (—500 to —251 bp and —250 to — 1 bp upstream of
transcription start) and two bins for the downstream region
(+1 to +250 bp and +251 to +500 bp downstream of tran-
scription termination site). Gene transcription start and ter-
mination sites were based on a published data set (29), and
were lifted over to the SacCerl genome annotation (from
SacCer2). Microarray probes were assigned to bins associ-
ated with each gene, and the ChIP-chip histone occupancy
data (logy(IP/input)) for each probe was averaged for each
bin. The bin values were averaged for each group of yeast
genes (i.e., HBR-repressed genes or the rest of the genome).
The 521 HBR-repressed genes were derived from our pre-
vious study (18). Analysis of histone occupancy near early
and late replication origins was performed similarly. Repli-
cation origin coordinates were from a published data set
(30).

Co-immunoprecipitation (Co-IP)

Histone chaperone Sptl6 or Napl was myc-tagged. For
each Co-IP assay, ~50 ml of yeast cells were collected. The
cell pellet was resuspended in 600 wl cold Co-IP lysis buffer
(40 mM HEPES pH 7.5, 0.1% Tween-20, 150 mM NaCl,
10% glycerol, 1x protease inhibitor cocktail) and WCEs
were isolated by vortexing with glass beads. Cell lysates were
centrifuged and the soluble supernatant was kept for Co-
IP. Protein concentration in the cleared WCEs was mea-
sured with the Bradford assay. For Co-IP, ~3 mg of to-
tal proteins were incubated with 30 pl of anti-myc agarose
beads (Thermo Scientific) at 4°C overnight. Beads were
then washed four times with lysis buffer. Proteins bound on
the beads were eluted with 40 ul of 0.1 M glycine (pH 2.4).
Eluates were neutralized by adding 5 .l of 1 M Tris—Cl (pH
9.5) and subjected to western blotting.

To analyze the interaction between H2A-H2B dimers
and FACT in vitro, yeast Spt16 was first immobilized to
anti-myc agarose beads as described above. Endogenous
yeast histones were stripped with Co-IP lysis buffer contain-
ing 500 mM NaCl. Recombinant Xenopus laevis H2A and
H2B proteins were expressed in Escherichia coli cells. His-
tone expression, purification, and dimer reconstitution were
performed as described in a previous report (31). For bind-
ing, ~8 pmol of histone dimers (wild-type or HBR) were
incubated with Spt16-bound beads in 400 w1 of Co-IP lysis
buffer at 30°C for 1 h. After incubation, beads were washed
with lysis buffer three times, and proteins were eluted by
boiling beads in 1 x SDS-PAGE loading buffer.

Purification of yeast FACT

FACT was purified from an Spt16-TAP (Tandem Affinity
Purification) yeast strain using the TAP purification proce-
dure (32). For each purification, 2 L of yeast culture (OD600
of ~3.0) was spun down and cells were lysed in NP-40 buffer
(15 mM Na;HPOy4, 10 mM NaH, POy, 1% NP-40, 150 mM
NaCl, 2 mM EDTA, 1 mM DTT, 1x Protease inhibitor
cocktail) by bead beating. After centrifugation, the cleared
cell lysate was incubated with IgG Sepharose fast flow beads
(GE Healthcare). FACT bound to the beads was released
by digestion with Tobacco Etch Virus protease (TEV pro-
tease, Invitrogen) overnight at 4°C. FACT was subsequently
bound by Calmodulin Sepharose beads (GE Healthcare)
in the presence of 3 mM CaCl,. After extensive washes,
FACT was eluted with the elution buffer containing 20 mM
EGTA. The presence of FACT in each eluted fraction was
checked by western blotting with an anti-TAP antibody
(Open Biosystems). The peak fractions were combined and
FACT was concentrated using Amicon Ultra-0.5 ml con-
centration columns (Millipore). EGTA was diluted during
the concentration process.

In vitro nucleosome assembly with purified FACT

Recombinant Xenopus laevis core histone expression, pu-
rification, and histone octamer formation was conducted
as described previously (33). The 208 bp Lytechinus varie-
gates 5S rDNA was derived from the plasmid pSL208-12
(34), which contains 12 tandem repeats of 5S rDNA and
each repeat was separated by an EcoRI digestion site. The
208 bp 5S DNA was labeled with 3P at the 5'-end of each
strand, using T4 Polynucleotide Kinase (Invitrogen) and [y -
32P]ATP (Perkin Elmer). For nucleosome assembly, ~0.15
pmol of histone octamers (wild-type or HBR A) were mixed
with FACT (ranging from 62 to 250 ng) in Assembly Buffer
(10 mM Hepes pH 7.6, 50 mM KCI, 5 mM MgCl,, 0.5 mM
EGTA, 0.1 mM EDTA, 10% glycerol, 0.1 mg/ml BSA). Ra-
diolabeled 5S DNA (50 ng) was then added and incubated
at 30°C for 75 min. The assembled nucleosome was sepa-
rated from free DNA by 5% native polyacrylamide gel elec-
trophoresis, and signal was detected using a phosphorim-
ager (Typhoon FLA 7000, GE Healthcare). For oligonucle-
osome assembly, the 5S-12 DNA released from the plasmid
pSL208-12 with BamHI and HindIII digestion was used as
the DNA substrate. Radiolabeled 5S-12 (150 ng) was incu-
bated with 0.3 pmol of histone octamers in the presence of
FACT. After oligonucleosome assembly incubation, 0.5 pl
of EcoRI (10 U/pl, Fermentas) was added and incubated
for additional 1 h before electrophoresis.

RESULTS

HBR domain affects histone occupancy at HBR-repressed
genes and elsewhere in the genome

Our previous study demonstrated that the HBR domain
represses the expression of 521 yeast genes, which in-
clude many genes involved in vitamin and carbohydrate
metabolism or that were adjacent to yeast telomeres (18).
Bioinformatics analysis of yeast ChIP-chip data using the
ChromatinDB database (35) revealed that HBR-repressed



genes tend to have high levels of histone occupancy in their
promoter regions (Supplementary Figure S1). We hypothe-
sized that the HBR domain represses transcription by reg-
ulating histone occupancy in yeast promoter regions. To
test this hypothesis, histone H2B occupancy was profiled
by ChIP-chip analysis (36) in wild-type and HBR A mutant
(H2B A30-37) yeast cells.

Wild-type H2B ChIP-chip data (Figure 1) showed the ex-
pected trend of lower histone occupancy in promoter re-
gions and higher histone occupancy in the gene body (e.g.
(37)). The trend of wild-type H2B occupancy was similar
between HBR-repressed genes and genes not repressed by
the HBR domain (i.e. ‘Rest of Genome’; compare solid lines
in Figure 1A and B). However, at proximal promoter re-
gions (defined as —1 to —250 bp upstream of TSS), wild-
type H2B occupancy was ~15% higher on average for HBR-
repressed genes than genes not repressed by the HBR do-
main (compare solid lines in Figure 1A and B). This finding
is in agreement with our analysis of published histone occu-
pancy data (Supplementary Figure S1), which also showed
higher histone occupancy in the promoter regions of HBR-
repressed genes. There was a similar trend of H2B occu-
pancy in the HBRA mutant, but the overall levels of H2B
occupancy were reduced relative to wild-type. The decrease
in H2B occupancy was particularly apparent in the pro-
moter and coding regions of HBR-repressed genes (Figure
1A). Among yeast genes that are not transcriptionally re-
pressed by the HBR domain (5300 genes), H2B occupancy
was only marginally lower in the HBRA mutant (Figure
1B). These data are consistent with the hypothesis that the
HBR domain is required for high levels of histone occu-
pancy in the promoter and gene body of its target genes to
repress their transcription.

To validate the ChIP-chip results, we measured histone
H2B occupancy by ChIP-PCR. We analyzed five genomic
regions that showed depletion of H2B occupancy in the
HBRA ChIP-chip experiment (Supplementary Table S2),
and one genomic region that was depleted in both wild-type
and the HBR A mutant (data not shown). As a normaliza-
tion control for these experiments, we used a region in the
ACTI ORF in which H2B occupancy was only slightly af-
fected in the HBR A mutant. The ChIP-PCR data for these
genomic regions confirmed the changes in H2B occupancy
in the HBR ChIP-chip experiment (Supplementary Figure
S2).

Changes in H2B occupancy could represent a loss of
nucleosomes in the HBRA mutant or a specific deple-
tion of one or both H2A-H2B dimers from otherwise in-
tact nucleosomes. If the second case were correct, the H3—
H4 tetramer should have normal occupancy levels in the
HBR A mutant. To test this, we measured histone H3 occu-
pancy by ChIP-PCR. Histone H3 occupancy significantly
decreased in the HBRA mutant at each genomic region
tested (Supplementary Figure S2B). Moreover, the magni-
tude of the change in H3 occupancy largely mirrored the
change in H2B occupancy. Taken together, these data sug-
gest that the HBR deletion causes a loss of nucleosome oc-
cupancy.
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HBR domain directly regulates histone H2B occupancy

Changes in H2B occupancy in the HBR A mutant could be
a direct effect of the HBR deletion or a secondary conse-
quence of the HBRA mutant phenotypes. The HBR dele-
tion strain is slow growing and has significant changes in
gene expression (18), which could indirectly influence hi-
stone occupancy. To investigate these alternative hypothe-
ses, we analyzed histone occupancy at the bidirectional pro-
moter for the HBR-repressed SNOI and SNZI genes. Both
the SNOI and SNZ] transcripts are induced by the HBRA
mutant (4.7-fold and 4-fold increases, respectively; (18)),
and ChIP data confirmed that histone occupancy is de-
creased at the SNO1/SNZI promoter in the HBR A mutant
(Figure 2A-B, Supplementary Figure S2B).

To eliminate the possible effects of HBR phenotypes on
histone occupancy, we introduced a FLAG-tagged HBRA
mutant gene into a strain also expressing untagged wild-
type histone H2B (Supplementary Figure S3). Expression
of wild-type histone H2B eliminated the HBRA mutant
phenotypes: the heterozygous strain grew normally (Sup-
plementary Figure S4) and was no longer UV sensitive
(data not shown). Moreover, quantitative RT-PCR con-
firmed that HBR-repressed genes were expressed similarly
to wild-type in the heterozygous strain (Supplementary Fig-
ure S5). ChIP using an anti-FLAG antibody was used to
specifically measure occupancy of the HBRA mutant his-
tone in this wild-type strain. For comparison, we expressed
FLAG-tagged wild-type H2B in a strain also expressing un-
tagged H2B. If the changes in histone occupancy in the
HBR A mutant were a secondary consequence of HBR phe-
notypes (e.g. changes in transcription), co-expression of the
untagged wild-type H2B should rescue defects in HBR oc-
cupancy. However, FLAG-HBR A occupancy showed the
same decrease at the SNOI/SNZI promoter in the wild-
type strain (FLAG + wt H2B) as in the HBRA mutant
(FLAG only) strain (Figure 2B), indicating that the changes
in histone occupancy were a direct effect of the HBR A mu-
tant (Supplementary Figure S3B).

To further test this hypothesis, we examined two other ge-
nomic regions (IMEI/RPL43B promoter and YARO35W
coding region) in which H2B occupancy was depleted in
the HBR A mutant. Again, we observed that FLAG-HBRA
occupancy is similarly decreased in the wild-type strain
(FLAG + wt H2B, Figure 2D) as the HBR A mutant strain
(FLAG only, Figure 2C). As a control, we measured FLAG-
HBR occupancy at a region in the PMAI coding region in
which H2B occupancy is not depleted in the HBR A mutant.
ChIP-qPCR data confirmed that the HBRA mutant does
not affect H2B occupancy at this region in the PM A cod-
ing sequence (Figure 2C and D), either in the FLAG only
or wild-type strains (z-test, P > 0.05). In summary, these
results indicate that the HBR domain directly regulates hi-
stone occupancy at HBR-repressed genes and elsewhere in
the genome.

HBRA mutant enhances H2A-H2B binding to FACT, but
abolishes Nap1 binding in vivo

Loss of histone occupancy in the HBRA mutant likely re-
flects a defect in either nucleosome assembly or stability. Be-
cause it is known that histones lacking the HBR domain can
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Figure 1. HBR domain affects histone occupancy at HBR-repressed genes and elsewhere in the genome. (A) Plot showing average histone H2B occupancy
in HBR-repressed genes in wt and HBR A mutant. ChIP-chip probe data for HBR-repressed genes (18) with transcript coordinates (471 genes total) were
divided into bins representing the promoter region (2 bins), coding region (6 bins), and downstream region (2 bins). ChIP-chip data was averaged for each
bin. TSS: transcription start site; TTS; transcription termination site. (B) H2B occupancy in genes that are not repressed by HBR domain (5300 genes

total).
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Figure 2. HBR domain directly regulates histone H2B occupancy. (A) Snapshot of ChIP-chip data showing decrease in H2B occupancy in the HBRA
mutant at the bidirectional promoter of HBR-repressed SNOI and SNZI genes. Wt-1 and wt-2 and hbr-1 and hbr-2 represent independent ChIP-chip IP
data sets from wild-type and HBR A mutant cells, respectively. Image was generated using IGV (28). (B) ChIP-qPCR confirmation of H2B occupancy defect
in HBRA mutant at the SNOI/SNZI promoter shown in A. ‘FLAG only’ indicates the only source for H2B protein in cells is FLAG-tagged wild-type
H2B or HBRA mutant. ‘FLAG+wt H2B’ indicates a second plasmid expressing untagged wild-type H2B protein is present in addition to the FLAG-
tagged H2B (wild-type or HBRA mutant). (C) ChIP-qPCR analysis of FLAG-H2B occupancy at three different chromatin loci. ‘FLAG only’ indicates
the only source for H2B protein in cells is FLAG-tagged wild-type H2B or HBR A mutant. In the ChIP-chip data, H2B occupancy in IME1/RPL43B and
YARO35W is decreased in the HBRA mutant, while H2B occupancy at PM A is not affected. These findings were confirmed by ChIP-qPCR. (D) Same
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Figure 3. Co-Immunoprecipitation (Co-IP) of wild-type or HBRA mu-
tant histones bound to the histone chaperones FACT (Sptl6) or Napl.
(A) Whole cell extracts from Myc-tagged Sptl6 or Napl strains were im-
munoprecipitated (IP) with anti-Myc agarose beads (Thermo Scientific).
The abundance of co-immunoprecipitated histones was detected by west-
ern blotting using specific antibodies against H2B (Abcam), H2A (Active
Motif), and H2AZ (Active Motif). A yeast strain lacking the Myc-tag was
used as a negative control. H2B lacking the HBR domain (HBRA) mi-
grates faster than the wild-type (WT) H2B protein on thel5% SDS gel.
(B) Same as A, except two H2B expression plasmids (either both express-
ing wild-type H2B or one expressing wild-type and one expressing HBRA)
were co-expressed in each yeast strain.

form stable nucleosomes with the 601 positioning sequence
in vitro (22), we hypothesized that the HBRA mutant af-
fected histone chaperone binding and assembly activity in
vivo. Histone chaperones play essential roles in nucleosome
assembly during transcription, DNA replication and repair
(reviewed in (38)), and thus could be responsible for the
defects in histone occupancy observed in the HBRA mu-
tant. We focused on the two major H2A-H2B chaperones:
FACT and Napl, and analyzed their interactions with hi-
stones in vivo using a co-immunoprecipitation (Co-IP) as-
say. To pull-down Spt16 (a FACT subunit) and Napl, the
chaperones were Myc-tagged and immunoprecipitated with
anti-Myc antibody conjugated to agarose beads. Histone
binding was detected by western blotting with H2A, H2B
or H2AZ-specific antibodies.

Western blot analysis of Spt16 Co-IP samples showed
that in wild-type cells, FACT binds both histones H2A and
H2B, but not H2AZ (Figure 3A). These results are consis-
tent with previous reports that FACT cannot incorporate
H2AZ-H2B dimers into chromatin (39). Neither FACT nor
Napl bound histone H3 in wild-type cells (Supplementary
Figure S6), confirming that they are primarily H2A-H2B

Nucleic Acids Research, 2016, Vol. 44, No. 19 9147

(or H2AZ-H2B) chaperones in vivo. Interestingly, the bind-
ing of FACT to H2A-H2B was increased in HBRA mu-
tant cells (Figure 3A). Nap1 preferentially bound to H2AZ-
H2B over canonical H2A-H2B in wild-type cells. Strikingly,
the binding of Napl to H2AZ-H2B (and H2A-H2B, data
not shown) was largely abolished in the absence of HBR
domain (Figure 3A), indicating that the HBR domain has
opposite effects on binding to these two chaperones in vivo.

The FACT-histone interactions detected by Co-IP could
reflect binding to free histones or DNA-associated histones
in vivo. Prior to the Co-IP step, the chromatin fraction of
the yeast extract is removed by centrifugation (see Materi-
als and Methods). We found that very little genomic DNA
was present in the yeast extract supernatant used for the Co-
IP experiments, as the DNA was almost entirely associated
with the chromatin pellet (Supplementary Figure S7A). To
further test whether FACT was bound to DNA-associated
or free histones, we digested DNA in the yeast extract with
a nonspecific nuclease prior to the centrifugation step. Nu-
clease treatment increased histone H2B binding to FACT
(Supplementary Figure S7B), presumably by releasing more
free histones into the supernatant (e.g. (40)). Taken together,
these findings suggest that FACT primarily binds free hi-
stones in our Co-IP assays, and that the HBRA mutant
increases the amount of free histone H2A-H2B bound to
FACT.

Changes in chaperone binding could be a secondary con-
sequence of mutant phenotypes in the HBRA cells (e.g.
changes in transcription). To eliminate the possible effects
of HBR phenotypes on chaperone binding, we repeated the
Spt16 and Napl Co-IP experiments in a strain expressing
both wild-type H2B and HBR A mutant histones. This pres-
ence of wild-type H2B eliminated the HBRA mutant phe-
notypes (Supplementary Figures S4 and S5), and enabled
us to directly compare the chaperone binding affinity of the
wild-type and HBR A mutant histones. In yeast cell extracts
(Input), protein bands corresponding to wild-type H2B and
HBR A mutant can be readily separated by SDS-PAGE and
detected by western blotting using an anti-H2B antibody
(Figure 3B). HBRA mutant protein levels were consider-
ably lower than wild-type H2B (~40% of wild-type H2B
protein level) when co-expressed (Figure 3B). Importantly,
the amount of HBR A mutant that was bound to FACT was
higher than that of wild-type H2B, particularly after nor-
malizing to input (Figure 3B). These data show that dele-
tion of the HBR domain enhances FACT binding in vivo. In
contrast, Napl only bound to wild-type H2B (Figure 3B),
confirming that the HBR domain is required for Nap! bind-
ing.

The increase in histone binding to FACT in the HBRA
mutant could also be caused by the loss of Napl binding to
the mutant dimer. To test this hypothesis, NAPI was deleted
in the Spt16-Myc cells, and Co-IP experiments were used
to compare the levels of H2B binding to FACT in wild-
type and napl A cells. The napl deletion did not increase the
binding of histone H2A or H2B to FACT (Supplementary
Figure S8), suggesting that the increased binding of HBRA
mutant histones to FACT is not caused by the loss of bind-
ing to Napl.
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Figure 4. In vitro binding of FACT to wild-type H2A/H2B and mutant
H2A/HBRA dimers. (A) Western blots showing the binding of FACT
to wild type (H2A/H2B) and HBR-deleted mutant (H2A/HBR) histone
dimers. Wild-type or mutant dimers were incubated separately with FACT
(Spt16-Myc) bound to anti-Myc agarose beads. Two histone dimer con-
centrations, 100 nM (+) and 200 nM (++) were used in this assay. Western
blot analysis was used to detect FACT-bound histones (‘Beads’). "Dimer
input’ shows the level of wild-type or mutant dimers present in the reac-
tion before incubating with FACT. (B) Competition between wild-type and
mutant histone dimers for FACT binding. Wild-type and mutant histone
dimers were mixed at different molar ratios and subsequently incubated
with FACT bound to anti-myc agarose beads. The concentration of wild-
type dimer was kept at 100 nM while the mutant dimer concentrations were
120, 360 and 1080 nM, respectively.

HBR deletion does not increase FACT-H2A /H2B binding in
vitro

The simplest interpretation of our Spt16 Co-IP data is that
the HBR domain inhibits FACT binding to the H2A-H2B
dimer. To test if HBR directly affects FACT binding to
the H2A-H2B dimer, we performed an in vitro binding as-
say using purified FACT and recombinant Xenopus histone
dimers (Supplementary Figure S9). FACT was purified with
anti-Myc beads from yeast extracts, and endogenous yeast
histones bound to FACT were removed using a high-salt
wash. Equal moles of recombinant wild-type or HBR A mu-
tant dimers were added and incubated with FACT immo-
bilized on agarose beads, in order to compare the binding
affinity of the HBR A mutant dimer to wild-type. Both wild-
type and HBR A mutant dimer bound similarly to FACT us-
ing two different dimer concentrations (Figure 4A), which
is consistent with published data (22).

The affinity of wild-type and HBRA mutant dimers to
FACT was further compared using a binding competition
assay, where a mixture of wild-type and HBRA mutant
dimers were incubated with FACT immobilized on agarose
beads. Intriguingly, when the molar ratio of mutant to wild-
type dimer (HBR:WT) was 1.2:1 or even 3.6:1, FACT pri-
marily bound wild-type H2B (Figure 4B). Only when the
molar ratio was 10.8:1 (HBR:WT) did more HBR A mutant
bind FACT (Figure 4B). The in vitro binding results indicate
that the HBR deletion does not directly enhance binding of
the H2A-H2B dimer to FACT; rather, the HBRA mutant

dimer is less competitive for binding FACT in the presence
of wild-type dimer.

HBR domain is important for FACT-mediated nucleosome
assembly on 5S rDNA

Because the HBR deletion does not promote binding to
FACT in vitro, we tested the alternative hypothesis that
FACT is unable to efficiently deposit the HBRA mutant
dimer onto DNA, which could lead to an accumulation of
mutant dimer bound to FACT in vivo. A previous study
has shown that purified human FACT can deposit Xeno-
pus histones onto a 5S ribosomal DNA (rDNA) template
to assemble nucleosome core particles (NCPs) (12). We first
tested if yeast FACT is also able to assemble NCPs using
reconstituted Xenopus histone octamers and the 208 bp 5S
rDNA. FACT was purified from yeast cells using the TAP
purification procedure (Supplementary Figure S10A). Incu-
bation of recombinant histone octamer and 5S rDNA in the
presence of purified FACT resulted in assembled NCPs that
were the same size as the 5S NCPs formed by salt-dialysis
(Supplementary Figure S10B). Importantly, no NCP for-
mation was detected when FACT was absent in the reaction.

To determine whether the HBR domain was important
for FACT to assemble nucleosomes, increasing concentra-
tions of FACT were titrated into nucleosome assembly reac-
tions containing 0.15 pmol of wild-type or HBRA mutant
histone octamers, and subsequently mixed with 0.3 pmol of
5S rDNA. NCP formation by FACT was clearly less effi-
cient with HBR A mutant histones than wild-type histones
(Figure 5A). Quantification of three independent experi-
ments indicates that the level of assembled mutant NCPs
was only ~30% of wild-type NCPs for the lowest FACT
concentration (Figure 5A, 63 ng FACT). Even at higher
FACT concentrations, mutant NCP formation was still sig-
nificantly lower than wild-type (Figure 5A).

We also examined whether the defect in nucleosome as-
sembly for the HBRA mutant histones simply reflected
slower kinetics of nucleosome assembly. Time course exper-
iments revealed that nucleosomes were assembled rapidly
by FACT (Supplementary Figure S11). Both wild-type
and mutant NCPs were detected almost immediately after
FACT, histones, and DNA were mixed, indicating that NCP
assembly by FACT occurs very rapidly in this assay. Impor-
tantly, the formation of HBRA mutant NCPs was signifi-
cantly lower than that of wild-type NCPs through the entire
time course (Supplementary Figure S11).

Native gel electrophoresis of the assembled NCPs re-
vealed a super-shifted band that was present in the wild-
type samples but not in HBRA samples (e.g. Figure 5A
and Supplementary Figure S11). This band likely includes
FACT, as its intensity increased with higher FACT con-
centrations (Figure 5A), and was not observed in the ab-
sence of FACT (see lanes 2 and 5 in Supplementary Figure
S10). It is unlikely to be simply a FACT-DNA complex, as
it was not observed in the absence of histones (see lane 3
in Supplementary Figure S10). Therefore, we hypothesize
that the super-shifted band is a complex of FACT bound
to the assembled NCP. The super-shifted band was not
observed when FACT was incubated with pre-assembled
NCPs (data not shown), although the FACT accessory fac-
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Figure 5. In vitro nucleosome assembly using purified yeast FACT com-
plex. (A) Mono-nucleosome assembly on radiolabeled 208-bp 5S rDNA.
‘NCP’ indicates the position of nucleosome core particle formed by FACT
or salt dialysis. ‘Free DNA’ indicates the position of 5S DNA that was not
assembled into nucleosomes. ‘5S NUC*” indicates NCPs that are formed
through standard salt dialysis. (B) Oligo-nucleosome assembly on the 5S-
12 DNA substrate.

tor Nhp6, which is required for FACT to bind intact nucle-
osomes (41), was present in our purified FACT complex,
albeit at sub-stoichiometric levels (Supplementary Figure
S10A). It is possible that the super-shifted band represents
FACT bound to a partially assembled nucleosome (see Dis-
cussion).

We also examined the effect of the HBRA mutant on
oligonucleosome assembly using a template containing 12
copies of the 5S rDNA sequence (5S-12 DNA) (34). The
experimental strategy for oligonucleosome assembly was es-
sentially the same as for mononucleosome, except an EcoR/
digestion step was required to release mononucleosome
sized fragments prior to native gel electrophoresis. Consis-
tent with the mononucleosome data, HBR deletion signifi-
cantly reduced FACT activity in oligonucleosome assembly
(Figure 5B).

Affinity of DNA for basic residues in HBR domain is impor-
tant for nucleosome assembly and cell viability

Because HBR is a highly basic domain (six basic amino
acids out of the total eight residues) that interacts with both
DNA gyres in the nucleosome (18,20), we reasoned that the
nucleosome assembly defect could be due to a weakened in-
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teraction between the H2A-H2B dimer and the nucleoso-
mal DNA. To test this hypothesis, we investigated whether
a higher affinity nucleosome positioning sequence would
rescue the HBRA mutant assembly defect. We chose the
Widom 601 DNA, an artificial DNA sequence that binds
to histones with significantly higher affinity than 5S rDNA
(42,43). Mononucleosome assembly reactions showed that
FACT can assemble both wild-type and HBR A mutant hi-
stones onto 601 DNA with comparable efficiency (Supple-
mentary Figure S12A), indicating that the strong histone
affinity of 601 DNA can compensate for the assembly de-
fect caused by the HBR deletion. Moreover, when NCPs
were assembled using the standard salt-dialysis method
(44), HBRA mutant histones were assembled into NCPs
efficiently with 601 DNA, but inefficiently with 5S rDNA
(Supplementary Figure S12B), supporting the hypothesis
that the HBR domain is required for nucleosome assembly
with lower affinity DNA sequences.

We also tested whether basic residues in the HBR domain
were critical for HBR function in vivo. The eight residues
comprising the HBR domain were mutated in tandem to all
alanine (nonpolar side chains), all serine (polar side chains),
all glycine (no side chain), or all lysine (positively charged
side chains; see Table 1). The all-alanine, all-serine, and all-
glycine HBR mutants were lethal in yeast (Table 1). How-
ever, the all-lysine HBR mutant was viable and grew nor-
mally, unlike the slow-growing HBR deletion mutant. The
HBR deletion mutant is also hypersensitive to ultraviolet
(UV) light and the replication inhibitor hydroxyurea (HU)
(18,22). However, the all-lysine HBR mutant showed sim-
ilar UV and HU sensitivity as wild-type (Supplementary
Figure S13). Taken together, these results indicate that the
positive charge of the basic residues in the HBR domain is
critical for HBR function in vivo.

DISCUSSION

Histone proteins are deposited onto DNA by histone chap-
erones to form nucleosomes, but the molecular mechanism
of histone deposition is unclear. In this study, we discovered
that the HBR domain in the histone H2B N-terminal tail is
important for histone deposition and nucleosome assembly
by the essential chaperone FACT. Deletion of the HBR do-
main causes significant loss of histone occupancy (H2B and
H3) at many loci in the yeast genome, particularly genes
repressed by HBR. Concomitantly, binding of H2A-H2B
dimers to FACT increased in vivo. We determined that the
HBR domain is required for purified FACT to efficiently
assemble recombinant histones into nucleosomes with the
5S rDNA sequence. The defect in FACT assembly of HBR
mutant nucleosomes likely reflects a decrease in affinity of
HBR mutant histones for nucleosomal DNA, as FACT can
efficiently assemble nucleosomes containing HBR mutant
histones on a higher affinity DNA sequence (601 template).
Because the HBR domain is also important for FACT to
disassemble nucleosomes (22), we hypothesize that basic
residues in the HBR domain stabilize a critical nucleosome
intermediate that is common to both the nucleosome assem-
bly and disassembly pathways (Figure 6).

The HBR domain was previously identified because of its
widespread role in repressing yeast transcription (18). Our
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Table 1. Yeast viability with different HBR deletions or substitutions

Strain H2B N-terminal Sequence Yeast Viability
WmdtypeHZB SAKAEKKPASKAPAEKKPAAKKTSTSTDGKKRSKARKETY +
H2B A30-37 SAKAEKKPASKAPAEKKPAAKKTSTSTDG---~--~-~-~ ETY +
H2B A3-37 o e e LT ETY +
H2B 30-37lys SAKAEKKPASKAPAEKKPAAKKTSTSTDGKKKKKKKKETY +

H2B 30-37gly
H2B 30-37ser
H2B 30-37ala

SAKAEKKPASKAPAEKKPAAKKTSTSTDGGGGGGGGGETY
SAKAEKKPASKAPAEKKPAAKKTSTSTDGSSSSSSSSETY
SAKAEKKPASKAPAEKKPAAKKTSTSTDGAAAAAAAAETY -
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Figure 6. Model of the mechanism by which the HBR domain affects nu-
cleosome assembly and disassembly by FACT. Histone H2A-H2B dimers
are in blue; and H3-H4 tetramer is in pink. DNA is represented as a black
line, and the FACT heterodimer is in green. In this model, the (A) wild-
type HBR domain stabilizes a partially assembled nucleosome intermedi-
ate that is required for both assembly and disassembly pathways. (B) In
the HBR mutant (dotted outline of H2A-H2B dimers), the nucleosome
intermediate is destabilized, potentially due to weakened histone-DNA
interactions, thus inhibiting both nucleosome assembly and disassembly
pathways.

results indicate that the HBR domain is required for the
proper assembly of repressive chromatin at HBR-repressed
genes, as deletion of the HBR domain causes a significant
loss of histone occupancy, particularly at HBR-repressed
promoters. Furthermore, experiments measuring FLAG-
HBR occupancy in the presence of untagged wild-type H2B
indicate that changes in histone occupancy can be directly
attributed to HBR function in nucleosome assembly and/or
stability, at least for the genomic regions we tested. Our data
also indicate that HBR regulates histone H3 occupancy,
as we observed a similar decrease in H3 occupancy in the
HBR A mutant. Since binding of H3 to the chaperone Asfl
is increased in the HBR A mutant cells (22), impaired H2A-
H2B deposition in the HBRA mutant may cause partially
assembled nucleosomes containing H3-H4 to be unstable
and eventually disassembled by histone chaperones such as
Asfl.

It is not clear why the chromatin structure at HBR-
repressed genes is particularly sensitive to perturbation of
HBR function. One possibility is that these DNA sequences
have lower intrinsic affinity for histones. Alternatively, these
genes may require very efficient nucleosome assembly to en-
sure transcriptional repression. It is notable that the HBR
deletion mutant affects histone occupancy at many loci, not
just HBR-repressed genes. Indeed, our preliminary analysis

indicates that the HBRA mutant also affects histone occu-
pancy near yeast replication origins (Supplementary Figure
S14), which is consistent with the postulated role of FACT
in nucleosome assembly during DNA replication (9).

The HBR domain has recently been shown to be im-
portant for FACT to disassemble nucleosomes (22). This
study observed an increase in histone occupancy/retention
at transcriptionally activated genes in yeast (e.g. GALI) in
the HBRA mutant and a defect in nucleosome disassem-
bly by FACT in vitro (22). Our ChIP-chip data indicate that
the HBR A mutant primarily causes a loss of histone occu-
pancy in the yeast genome, although histone occupancy is
increased at a few loci (data not shown). This suggests that
the major function of the HBR domain is in nucleosome
assembly, which is consistent with gene expression studies
indicating that HBR primarily represses transcription (18).
However, HBR’s role in nucleosome disassembly is likely to
be more prominent during rapid transcriptional activation
of specific yeast genes (e.g. GALI).

A critical question is how the same histone domain is im-
portant for FACT activity in both nucleosome assembly and
disassembly. One possible explanation is that the HBR do-
main is required for FACT binding. However, our in vitro
studies indicate that FACT can readily bind HBRA mu-
tant histones, albeit more weakly than wild-type histones
in competition assays. A previous study, using a quantita-
tive fluorescence dequenching assay, found that the HBRA
mutant dimer had roughly similar binding affinity to FACT
as wild-type dimer (25.4 nM versus 21.4 nM, (22)), which
is consistent with our results. Moreover, our in vivo data in-
dicate that FACT binds to more HBR A mutant dimer than
wild-type dimer, possibly because the HBR A mutant dimer
is not efficiently deposited by FACT onto DNA. This model
could explain the different results obtained from competi-
tion binding assays in vivo (Figure 3B) and in vitro (Fig-
ure 4B). Alternatively, it is possible that the HBR A mutant
alters in vivo histone post-translational modifications that
regulate FACT binding or activity (e.g. (37,45)). Taken to-
gether, these data do not support the hypothesis that HBRA
mutant histones are unable to productively bind to FACT.

Instead, we propose that the HBR domain is important
to stabilize a partially assembled nucleosome intermediate
that is formed by FACT in both its nucleosome assem-
bly and disassembly pathways (Figure 6). Our data suggest
that favorable electrostatic interactions between the basic
residues in the HBR domain and the nucleosomal DNA
may be critical to stabilizing such an intermediate. It is
tempting to speculate that the super-shifted band detected
in wild-type nucleosome assembly reactions, but absent in
the HBRA mutant (see Figure 5 and Supplementary Fig-



ures S10 and S11) represents FACT bound to a partially
assembled nucleosome intermediate. In any case, these find-
ings demonstrate that the HBR domain in histone H2B is
important for FACT to efficiently assemble nucleosomes.
The importance of HBR in nucleosome assembly can po-
tentially explain not only its role in transcriptional repres-
sion, but also provide new insight into its potential roles
in DNA replication and the DNA damage response (18-
19,22).

ACCESSION NUMBER
GEO GSES80831.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to Dr. Michael Smerdon and Dr. Rithy
Meas for helpful comments and suggestions. We thank
Arati Bhattarai for purifying the yeast FACT complex and
Marian Laughery and Anna Lindsay for expert technical
assistance and helping construct plasmids and yeast strains.
The ChIP-chip microarray data sets have been deposited
in the Gene Expression Omnibus (GEO) under accession
number GSES0831.

FUNDING

National Institutes of Health [ES002614] from the National
Institute of Environmental Health Sciences. Funding for
open access charge: NIEHS.

Conflict of interest statement. None declared.

REFERENCES

1. Gurard-Levin,Z.A., Quivy,J.P. and Almouzni,G. (2014) Histone
chaperones: assisting histone traffic and nucleosome dynamics. Annu.
Rev. Biochem., 83, 487-517.

2. Das,C., Tyler,J.K. and Churchill, M.E. (2010) The histone shuffle:
histone chaperones in an energetic dance. Trends Biochem. Sci., 35,
476-489.

3. Andrews,A.J., Chen,X., Zevin,A., Stargell,L.A. and Luger,K. (2010)
The histone chaperone Napl promotes nucleosome assembly by
eliminating nonnucleosomal histone DNA interactions. Mol. Cell, 37,
834-842.

4. Formosa,T. (2010) Avoiding a fatal attraction: properties of
nucleosomes and a histone chaperone revealed under physiological
conditions. Mol. Cell, 37, 747-748.

5. D’Arcy,S., Martin,K.W., Panchenko,T., Chen,X., Bergeron,S.,
Stargell,L.A., Black,B.E. and Luger,K. (2013) Chaperone Napl
shields histone surfaces used in a nucleosome and can put H2A-H2B
in an unconventional tetrameric form. Mol. Cell, 51, 662-677.

6. Cook,A.J., Gurard-Levin,Z.A., Vassias,I. and Almouzni,G. (2011) A
specific function for the histone chaperone NASP to fine-tune a
reservoir of soluble H3-H4 in the histone supply chain. Mol. Cell, 44,
918-927.

7. Keck,K.M. and Pemberton,L.F. (2012) Histone chaperones link
histone nuclear import and chromatin assembly. Biochim. Biophys.
Acta, 1819, 277-289.

8. Winkler,D.D. and Luger,K. (2011) The histone chaperone FACT:
structural insights and mechanisms for nucleosome reorganization. J.
Biol. Chem., 286, 18369-18374.

9. Formosa,T. (2012) The role of FACT in making and breaking
nucleosomes. Biochim. Biophys. Acta, 1819, 247-255.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nucleic Acids Research, 2016, Vol. 44, No. 19 9151

Winkler,D.D., Muthurajan,U.M., Hieb,A.R. and Luger,K. (2011)
Histone chaperone FACT coordinates nucleosome interaction
through multiple synergistic binding events. J. Biol. Chem., 286,
41883-41892.

Orphanides,G., Wu,W.H., Lane, W.S., Hampsey,M. and Reinberg,D.
(1999) The chromatin-specific transcription elongation factor FACT
comprises human SPT16 and SSRP1 proteins. Nature, 400, 284-288.
Belotserkovskaya,R., Oh,S., Bondarenko,V.A., Orphanides,G.,
Studitsky,V.M. and Reinberg,D. (2003) FACT facilitates
transcription-dependent nucleosome alteration. Science, 301,
1090-1093.

Xin,H., Takahata,S., Blanksma,M., McCullough,L., Stillman,D.J.
and Formosa,T. (2009) yFACT induces global accessibility of
nucleosomal DNA without H2A-H2B displacement. Mol. Cell, 35,
365-376.

. Kemble,D.J., Whitby,F.G., Robinson,H., McCullough,L.L.,

Formosa,T. and Hill,C.P. (2013) Structure of the Spt16 middle
domain reveals functional features of the histone chaperone FACT. J
Biol. Chem., 288, 10188-10194.

Hondele,M. and Ladurner,A.G. (2013) Catch me if you can: how the
histone chaperone FACT capitalizes on nucleosome breathing.
Nucleus, 4, 443-449.

Kemble,D.J., McCullough,L.L., Whitby,F.G., Formosa,T. and
Hill,C.P. (2015) FACT disrupts nucleosome structure by binding
H2A-H2B with conserved peptide motifs. Mol. Cell, 60, 294-306.
Hondele,M., Stuwe, T., Hassler,M., Halbach,F., Bowman,A.,
Zhang,E.T., Nijmeijer,B., Kotthoff,C., Rybin,V., Amlacher,S. 2013
et al. (2013) Structural basis of histone H2A-H2B recognition by the
essential chaperone FACT. Nature, 499, 111-114.

Parra,M.A., Kerr,D., Fahy,D., Pouchnik,D.J. and Wyrick,J.J. (2006)
Deciphering the roles of the histone H2B N-terminal domain in
genome-wide transcription. Mol. Cell. Biol., 26, 3842-3852.

Nag,R., Kyriss,M., Smerdon,J.W., Wyrick,J.J. and Smerdon,M.J.
(2010) A cassette of N-terminal amino acids of histone H2B are
required for efficient cell survival, DNA repair and Swi/Snf binding
in UV irradiated yeast. Nucleic Acids Res., 38, 1450-1460.
Wyrick,J.J. and Parra,M.A. (2009) The role of histone H2A and H2B
post-translational modifications in transcription: a genomic
perspective. Biochim. Biophys. Acta, 1789, 37-44.

Wyrick,J.J., Kyriss, M.N. and Davis,W.B. (2012) Ascending the
nucleosome face: recognition and function of structured domains in
the histone H2A-H2B dimer. Biochim. Biophys. Acta, 1819, 892-901.
Zheng,S., Crickard,J.B., Srikanth,A. and Reese,J.C. (2014) A highly
conserved region within H2B is important for FACT to act on
nucleosomes. Mol. Cell. Biol., 34, 303-314.

Hodges,A.J., Gallegos,I.J., Laughery,M.E., Meas,R., Tran,L. and
Wyrick,J.J. (2015) Histone sprocket arginine residues are important
for gene expression, DNA repair, and cell viability in Saccharomyces
cerevisiae. Genetics, 200, 795-806.

Boeke,J.D., Trueheart,J., Natsoulis,G. and Fink,G.R. (1987)
S-Fluoroorotic acid as a selective agent in yeast molecular genetics.
Methods Enzymol., 154, 164—175.

Jin,Y., Rodriguez,A.M., Stanton,J.D., Kitazono,A.A. and Wyrick,J.J.
(2007) Simultaneous mutation of methylated lysine residues in
histone H3 causes enhanced gene silencing, cell cycle defects, and cell
lethality in Saccharomyces cerevisiae. Mol. Cell. Biol., 27, 6832-6841.
Jin,Y., Rodriguez,A.M. and Wyrick,J.J. (2009) Genetic and
genomewide analysis of simultaneous mutations in acetylated and
methylated lysine residues in histone H3 in Saccharomyces cerevisiae.
Genetics, 181, 461-472.

Kyriss,M.N., Jin,Y., Gallegos,l.J., Sanford,J.A. and Wyrick,J.J. (2010)
Novel functional residues in the core domain of histone H2B regulate
yeast gene expression and silencing and affect the response to DNA
damage. Mol. Cell. Biol., 30, 3503-3518.

Robinson,J.T., Thorvaldsdottir,H., Winckler,W., Guttman,M.,
Lander,E.S., Getz,G. and Mesirov,J.P. (2011) Integrative genomics
viewer. Nat. Biotechnol., 29, 24-26.

Jiang,C. and Pugh,B.F. (2009) A compiled and systematic reference
map of nucleosome positions across the Saccharomyces cerevisiae
genome. Genome Biol., 10, R109.

Soriano,l., Morafraile,E.C., Vazquez,E., Antequera,F. and
Segurado,M. (2014) Different nucleosomal architectures at early and
late replicating origins in Saccharomyces cerevisiaec. BMC Genomics,
15, 791.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw588/-/DC1

9152 Nucleic Acids Research, 2016, Vol. 44, No. 19

31.

32.

33.

34.

35.

36.

37.

38.

Gloss,L.M. and Placek,B.J. (2002) The effect of salts on the stability
of the H2A-H2B histone dimer. Biochemistry, 41, 14951-14959.
Rigaut,G., Shevchenko,A., Rutz,B., Wilm,M., Mann,M. and
Seraphin,B. (1999) A generic protein purification method for protein
complex characterization and proteome exploration. Nat.
Biotechnol., 17, 1030-1032.

Duan,M.R. and Smerdon,M.J. (2010) UV damage in DNA promotes
nucleosome unwrapping. J. Biol. Chem., 285, 26295-26303.
Nakanishi,S., Prasad,R., Wilson,S.H. and Smerdon,M. (2007)
Different structural states in oligonucleosomes are required for early
versus late steps of base excision repair. Nucleic Acids Res., 35,
4313-4321.

O’Connor,T.R. and Wyrick,J.J. (2007) ChromatinDB: a database of
genome-wide histone modification patterns for Saccharomyces
cerevisiae. Bioinformatics, 23, 1828-1830.

Ren,B., Robert,F., Wyrick,J.J., Aparicio,O., Jennings,E.G., Simon,I.,
Zeitlinger,J., Schreiber,J., Hannett,N., Kanin,E. ez al. (2000)
Genome-wide location and function of DNA binding proteins.
Science, 290, 2306-2309.

Venkatesh,S., Smolle,M., Li,H., Gogol,M.M., Saint,M., Kumar.S.,
Natarajan,K. and Workman,J.L. (2012) Set2 methylation of histone
H3 lysine 36 suppresses histone exchange on transcribed genes.
Nature, 489, 452-455.

Burgess,R.J. and Zhang,Z. (2013) Histone chaperones in nucleosome
assembly and human disease. Nat. Struct. Mol. Biol., 20, 14-22.

39.

40.

41.

42.

43.

44,

45.

Jeronimo,C., Watanabe,S., Kaplan,C.D., Peterson,C.L. and Robert,F.
(2015) The histone chaperones FACT and Spt6 restrict H2A.Z from
intragenic locations. Mol. Cell, 58, 1113-1123.

Foltman,M., Evrin,C., De Piccoli,G., Jones,R.C., Edmondson,R.D.,
Katou,Y., Nakato,R., Shirahige,K. and Labib,K. (2013) Eukaryotic
replisome components cooperate to process histones during
chromosome replication. Cell Rep., 3, 892-904.

Formosa,T., Eriksson,P., Wittmeyer,J., Ginn,J., Yu,Y. and
Stillman,D.J. (2001) Spt16-Pob3 and the HMG protein Nhp6
combine to form the nucleosome-binding factor SPN. EMBO J. 20,
3506-3517.

Thastrom,A., Lowary,P.T., Widlund,H.R., Cao,H., Kubista,M. and
Widom,J. (1999) Sequence motifs and free energies of selected natural
and non-natural nucleosome positioning DNA sequences. J. Mol
Biol., 288, 213-229.

Toth,K., Bohm,V., Sellmann,C., Danner,M., Hanne,J., Berg,M.,
Barz,I., Gansen,A. and Langowski,J. (2013) Histone- and DNA
sequence-dependent stability of nucleosomes studied by single-pair
FRET. Cytometry A, 83, 839-846.

Luger,K., Rechsteiner,T.J. and Richmond, T.J. (1999) Preparation of
nucleosome core particle from recombinant histones. Methods
Enzymol., 304, 3-19.

Tessarz,P., Santos-Rosa,H., Robson,S.C., Sylvestersen,K.B.,
Nelson,C.J., Nielsen,M.L. and Kouzarides,T. (2014) Glutamine
methylation in histone H2A is an RNA-polymerase-I-dedicated
modification. Nature, 505, 564-568.



